Introduction
Breast cancer (BC) is the most frequently diagnosed malignancy in women, accounting for approximately 25% of cancer diagnoses and 15% of cancer-related deaths in women, globally. 1 Approximately 15-20 % of BCs are classified as human epidermal growth-factor receptor 2 (HER2) positive (HER2+). 2 Prior to the development of HER2-directed therapies, a diagnosis of HER2+ BC was associated with a poor prognosis. In the late 1990s, the addition of trastuzumab, a monoclonal antibody targeting HER2, to standard chemotherapy regimens resulted in marked improvements in disease-free survival (DFS) and overall survival (OS) in both the adjuvant and metastatic settings. 3 This has led to the development of other effective HER2-directed therapies, including lapatinib (a dual tyrosine-kinase inhibitor) pertuzumab (an HER2/ HER3-dimerization inhibitor), ado-trastuzumab emtansine (T-DM1, an antibody-drug conjugate) and neratinib (an irreversible pan-HER inhibitor). 4, 5 Although much progress has been made for patients with HER2+ BC, approximately 15-20% of patients receiving trastuzumab in the adjuvant setting will eventually relapse. 6 Approximately 70% of patients with HER2+ metastatic BC (MBC) develop resistance to trastuzumab within 1 year (secondary resistance), and over a third of patients never respond (de novo resistance). 7 Further, approximately 30-55% of patients with advanced HER2+ BC eventually develop brain metastases, 8 a devastating diagnosis associated with considerable morbidity and mortality. Most patients with HER2+ MBC will succumb to their disease. 9 One approach to improving the long-term outcome of women with HER2+ BC has been targeting of the cyclin-dependent kinases (CDKs), CDK4/6. CDKs regulate cell-cycle transitions. In particular, CDK4/6 plays a central role in cell proliferation by controlling the transition through the G1 restriction point to the S phase. They interact with the D-type cyclins by inactivating the retinoblastoma (Rb) tumor-suppressor protein (pRb), and promoting transition from G1 to S phase. 10 Deregulation of the CDK4/6-Dtype-Rb pathway occurs in many tumors, including BC, and has spurred the development of specific CDK4/6 inhibitors to induce G1 arrest and apoptosis. 11, 12 Targeting of CDK4/6 in HER2+ BC is attractive as it is downstream of HER2 and many of the processes driving resistance to HER2-targeted therapies. 13 The focus of this review is the role of CDK4/6 inhibitors (CDK4/6is) in HER2+ BC.
CDK4/6is in HER2-positive breast cancer
The importance of the CDK4/6-D-type-Rb pathway was first demonstrated in HER2+ cell lines almost 2 decades ago. Lee and colleagues found that mammary tumors had elevated levels of cyclin D1 protein, due to amplification of wild-type or activating mutations of Neu in transgenic mice and in MCF7 cells, which overexpressed transforming Neu. 14 They also demonstrated that HER2-mutated MCF7 cells exhibited specific C-terminal autophosphorylation sites and the extracellular domain had fundamental roles in cyclin D1 promoter activation. The authors concluded that an HER2-signaling cascade to cyclin D1 was promoted by transcription factor E2F1, and that cyclin D1 was a key downstream target of Neu-induced transformation. Roberts and colleagues subsequently demonstrated that palbociclib monotherapy was associated with antineoplastic activity in MMTV-c-Neu mice. 15 However, the combination of palbociclib and carboplatin decreased antineoplastic activity compared with carboplatin monotherapy in Rb-competent mice, which inferred that DNA-damaging agents and CDK4/6is should not be coadministered in the treatment of tumors reliant on CDK4/6 activity for proliferation. Furthermore, Nikolai and colleagues 16 noted that HER2-signaling promotes BC growth via regulation of E2F1-driven deoxyribonucleic acid (DNA) metabolism and replication genes, along with phosphorylation and activation of SRC-3, a transcriptional coactivator. They also identified a CDK-signaling node and determined that the combination of palbociclib and the dual epithelial growth-factor receptor (EGFR)/HER2 tyrosine kinase, lapatinib, inhibits de novo DNA synthesis, largely via disruption of E2F1 and its target genes. Collectively, preclinical data supported clinical investigation of CDK4/6is in HER2+ BC, predominantly in persons with hormone receptor (HR)+, HER2+ disease.
The cyclin D1/CDK4/6/pRb axis and resistance to HER2-directed therapies A number of mechanisms drive primary and secondary resistance to HER2-directed therapies, including alterations in the phosphoinositide-3 kinase (PI3K-Akt) and phosphatase and tensin homolog (PTEN) pathways; 17 increases in EGFR and insulin-like growth factor, as well as crosstalk between mammalian target of rapamycin (mTOR), PI3K and mitogen-activated proteinkinase/extracellular signal-regulated-kinase signaling pathways. 18 The cyclin D1/CDK4/6/pRb axis is also an important pathway involved in resistance to HER2-directed treatments (Figure 1 ). 17 The cyclin D1/CDK4/6/pRb axis is activated by HER2 ligand interaction with the PI3K-Akt pathway and downstream activation of cyclin D1 can induce resistance to trastuzumab and other HER2-targeted treatments. Goel and colleagues studied secondary resistance mechanisms to HER2-directed therapies in a transgenic mouse model of HER2+ BC. 19 Tumor cells resistant to HER2-directed therapy expressed high levels of nuclear cyclin D1 and CDK4, and the combined inhibition of cyclin D1/CDK4 was synergistic with respect to antineoplastic effect, suggesting that both cyclin D1 and CDK4 play a fundamental role in the development of resistance to HER2-directed therapies. Further, cell lines resistant to HER2-directed treatments demonstrated restoration of sensitivity to these agents when a CDK4/6i was added. 19 The antineoplastic activity of abemaciclib in these models was attributed to its ability to restore signaling via the EGFR kinase family by downstream activation of Akt kinase. Furthermore, by activation of TSC2 (tuberin), an mTOR inhibitor, abemaciclib was able to supersede the inhibitory feedback exerted by mTOR on the EGFR kinase family and their downstream effectors.
Observation of antitumor activity of CDK 4/6 inhibitors in luminal HER2+ BC has been confirmed by others. Finn and colleagues noted that cell lines representing the luminal ER+ subtype (including those that overexpressed HER2) were sensitive to palbociclib while nonluminal/basal subtypes were resistant. Additionally, palbociclib was synergistic with tamoxifen and trastuzumab in ER+ and HER2+ cell lines, respectively. 20 Dean and colleagues used an ex vivo model of breast tumor tissue to characterize the cytostatic response to palbociclib; 21 There are three selective CDK4/6is in clinical development: palbociclib, ribociclib and abemaciclib. These agents have CDK4 and CDK6 as their primary target and have been shown to disrupt the CDK4/6-D-type-Rb pathway leading to G1 cell-cycle arrest. 20 CDK4/6is are most effective in combination with endocrine therapy in patients with HR+ BC, although abemaciclib has activity as monotherapy. The reason for the higher abemaciclib monotherapy response rates compared with the other CDK4/6is is uncertain, but may be due to more potent CDK4 inhibition. Further, the different toxicity profile of abemaciclib (less neutropenia; more nausea and diarrhea) may also be attributed to the greater selectivity of this compound for CDK4 than for CDK6. 10 All three compounds are US Food and Drug Administration (FDA) approved in combination with endocrine therapy for the first-and second-line treatment of ER+, HER2− MBC; abemaciclib is also approved for use as monotherapy in more heavily pretreated ER+, HER2− MBC. [23] [24] [25] [26] [27] [28] Given the encouraging preclinical findings outlined in this article, clinical development in the HER2+ BC space has ensued, predominantly in the ER+/HER2+ setting. In patients with HER2+ BC, combining CDK4/6is with endocrine therapy and HER2-directed therapy is warranted, based on evidence that continued HER2 targeting after initial progression on trastuzumab-based therapy can be associated with significant clinical benefit. 29 Predictive biomarkers of response to CDK4/6is As discussed above, in HR+, HER2− MBC, the combination of CDK4/6is and endocrine therapy has resulted in clinically significant improvements in progression-free survival (PFS) and OS compared with endocrine therapy alone. However, resistance to CDK4/6is is generally inevitable. 30 There are numerous mechanisms of resistance to CDK4/6is; efforts to identify reliable biomarkers The cyclinD1/CDK4/6 axis is responsible for increased phosphorylation TSC2 and TSC1, and promotes the phosphorylation of the mTOR substrates, 4E-BP1 and S6K1. Additionally, EGFR/HER2 (via Akt) triggers TSC2 phosphorylation, and the combination of CDK4/6is and HER2 inhibitors may suppress mTORC1 activity more than either drug alone; Additionally, greater suppression of mTORC1 activity may relive feedback inhibition of EGFR family kinases. This may render HER2+ breast cancer cells more sensitive to the effects of EGFR/HER2 inhibitors. Akt, protein-kinase B; CDK4/6, cyclin-dependent kinase 4/6; CDK4/6is, CDK4/6 inhibitors; EGFR, epithelial growth-factor receptor; ER, estrogen receptor; E2F, a transcription factor; HER2, human epidermal growth-factor receptor 2; mTOR, mammalian target of rapamycin; P, phosphate; Rb, retinoblastoma protein; TSC1/2, tuberous sclerosis complex 1/2.
of early resistance or response to treatment are underway and reflect a major unmet need. The majority of work in this area has been in HR+, HER2− BC. In this setting, there are numerous reports implicating the Rb tumor-suppressor gene (Rb1) function, cyclin E1, and the PIK3CA pathway as potential biomarkers of CDK 4/6is. [31] [32] [33] [34] Loss of Rb has been implicated as a characteristic of BCs that are chemosensitive but resistant to CDK4/6is. Condorelli and colleagues recently noted that patients with HR+ HER2− MBC develop somatic Rb1 mutations after exposure to palbociclib or ribociclib; further study is warranted to validate these findings and to develop appropriate therapeutic strategies. 35 HerreraAbreu and colleagues noted that combined inhibition of CDK4/6 and PI3K induced cancer-cell apoptosis in vitro and in patient-derived tumor xenograft (PDX) models, resulting in tumor shrinkage and improved disease control. 36 Further, a triplet combination of CDK4/6, PI3K inhibition, and endocrine therapy had superior efficacy compared with paired combinations, triggering rapid tumor regressions in a PDX model. Studies investigating the feasibility and utility of combining CDK4/6 and PI3K inhibition are ongoing [ClinicalTrials.gov identifier: NCT02088684], and as the PI3K-Akt pathway is also implicated in resistance to HER2-targeted therapies, trials of CDK4/6is, PI3Ki and HER2-targeted therapy could also be conducted in persons with HER2+ MBC. 37 In TRINITI-1 [ClinicalTrials.gov identifier: NCT02732119], a phase I/II trial of ribociclib, everolimus, and exemestane in men or postmenopausal women with HR+, HER2− advanced BC that progressed on prior CDK4/6i, PFS outcomes were inferior in participants with a baseline mutation in PIK3CA or estrogen receptor 1, which infers that specific tumor molecular alterations are associated with resistance to treatment and possibly a worse prognosis; further study is needed to validate these findings in other biomarker-focused clinical trials. 38 Notably, Arteaga and colleagues found that fibroblast growth-factor receptor 1 (FGFR1 41 Finally, Risi and colleagues performed a retrospective analysis (n = 514) to determine whether Rbsig, a gene signature of Rb loss, could be used as a predictive biomarker of response to neoadjuvant chemotherapy in persons with ER+/ HER2+ BC. 42 In this patient population, it was noted that low expression of Rbsig was associated with low pathologic complete response (pCR) rates after neoadjuvant chemotherapy ± HER2-targeted therapy. In summary, these studies suggest that future clinical trials should not only focus on de-escalation of chemotherapy for patients with HER2+ BC with a high probability of pCR, but additionally, in patients with ER+/HER2+ BC and a low probability of pCR, to prospectively study whether chemotherapy may be omitted in favor of a combination regimen of dual HER2-directed therapy, endocrine therapy, and CDK4/6is.
CDK4/6is in HER2-positive breast cancer metastatic trials
One of the earliest observations that CDK4/6is could exert single-agent activity in ER+, HER2+ BC was reported in a phase I study of abemaciclib in patients with advanced solid tumors. 43 Among the 11 women with HR+ HER2+ MBC enrolled on this trial, there were 4 (36%) partial responses (PRs). randomized, open-label, phase III FDA-registered study, designed to assess whether PFS is prolonged with the combination of palbociclib, HER2-directed therapy, and endocrine therapy relative to HER2-directed therapy and endocrine therapy alone in persons with HR+ HER2+ advanced or MBC. Participants who have completed standard firstline treatment with dual HER2-directed therapy and a taxane, are randomized to receive continued dual HER2-targeted treatment and endocrine therapy ± palbociclib. A limitation of the study design is that it does not allow for a conclusive determination of the additional benefit of palbociclib in this patient population. Results of this trial are expected in early 2021.
Another trial [ClinicalTrials.gov identifier: NCT02657343], is an ongoing single-arm phase Ib/II study of ribociclib added to trastuzumab (or T-DM1) in HER2+ advanced BC, irrespective of HR status. This trial includes correlatives to evaluate the potential immune-based mechanisms of CDK4/6i action first observed by Goel and colleagues. 44 In preclinical studies, Goel noted that CDK4/6is activated tumor-cell expression of endogenous retroviral elements, thus increasing intracellular levels of double-stranded RNA, production of type III interferons and tumor antigen presentation. Further, CDK4/6is suppress regulatory T-cell proliferation. The effects of CDK4/6is both on tumor cells and on regulatory T cells result in reduced activity of DNA methyltransferase 1, a target of E2F. These events ultimately promote cytotoxic T-cell-mediated clearance of tumor cells, which is further enhanced by the addition of immune-checkpoint blockade.
A phase II study of T-DM1 ± abemaciclib in advanced HER2+ BC is expected to activate in late 2019 through the Academic and Community Cancer Research United (ACCRU); (O'Sullivan, Principal Investigator). In this study, patients will be randomized 1:1 to receive T-DM1 or T-DM1 plus abemaciclib. Two parallel phase II studies will be conducted; one for ER+ HER2+ MBC and one for ER− HER2+ MBC. The primary endpoint will be to compare PFS in both treatment arms. Secondary objectives will include an assessment of toxicity, overall response rate, and OS. For blood biomarkers, CTCs, ctDNA and serum thymidine kinase (TK1) will be collected at baseline, 6 months, and disease progression, to determine whether there is an association with clinical benefit. Additional correlative studies will evaluate tumor-infiltrating lymphocyte levels and CD8/FOXP3 expression, as well as expression of the epithelial-mesenchymal transition (EMT) marker, vimentin, with PFS. The latter correlative studies are based upon data from Liu and colleagues; these investigators demonstrated that CDK4/6is target SNAIL1 through the deubiquitinase DUB3, which mediates the post-translational stabilization of SNAIL. The potential importance of this finding was demonstrated in an Rb-deficient triple-negative PDX, wherein treatment with palbociclib had no effect on the growth of the primary tumor but inhibited development of lung and liver metastases. 45 Several other clinical studies evaluating the combination of HER2-directed therapy, CDK4/6is, and endocrine therapy are in progress in various clinical settings, and the results of these trials are eagerly awaited (Table 1) .
Neoadjuvant setting

NA-PHER2
[ClinicalTrials.gov identifier: NCT02530424] was a phase II clinical trial of palbociclib, trastuzumab, pertuzumab, and fulvestrant as neoadjuvant treatment for patients with HR+, HER2+ BC. The coprimary endpoints were change from baseline in Ki67 expression at 2 weeks of treatment and at surgery and Therapeutic Advances in Medical Oncology 11 6 journals.sagepub.com/home/tam Adjuvant/postneoadjuvant setting At the time of writing, the ClinicalTrials.gov website was queried; no adjuvant or postneoadjuvant studies of CDK4/6i combined with HER2-directed therapy were planned or enrolling participants.
Breast cancer brain metastases
Approximately one half of patients with advanced HER2+ BC ultimately develop breast cancer brain metastases (BCBM), a devastating diagnosis which adversely affects prognostic outcomes. 8 The relationship between the incidence of BCBM and receipt of HER2-directed therapies (e.g. trastuzumab) in persons with HER2+ MBC is unclear. Although higher rates of central nervous system (CNS) events have been reported, this is likely related to improved patient survival outcomes, in addition to the inability of trastuzumab to penetrate the blood-brain barrier (BBB). It is unlikely that treatment with HER2-directed agents 'increases' this risk, given the improved DFS and OS outcomes when trastuzumab is added to standard treatment regimens in the adjuvant and metastatic settings. 46 The management of patients with BCBM is fraught with complexities and typically requires multidisciplinary input. The BBB poses a unique challenge, given that the majority of chemotherapies and targeted therapies penetrate the BBB incompletely, or not at all. 47 Although there are increasing systemic therapy options available for patients with BCBM, both surgery and radiotherapy are often an integral part of the management plan. However, neurocognitive impairment is a particular concern for patients with BCBM expecting long-term disease control, and postponing whole-brain radiotherapy may be an option for selected candidates. Therefore, identifying novel systemic therapies that can penetrate the BBB effectively and concomitantly target extracranial disease is an attractive prospect. The utility of other HER2-targeted therapies, including neratinib, T-DM1, and highdose trastuzumab, have been, or are currently being, evaluated for patients with HER2+ MBC and BCBM. While all three CDK4/6is penetrate the BBB, 48 preclinical and clinical studies showed that abemaciclib CNS concentrations are reached more efficiently at potentially lower doses than palbociclib and are potentially on target for a longer duration. 49 Therefore, strong scientific rationale exists to continue study of CDK4/6is as monotherapy or in combination with other targeted therapies in patients with HER2+ BCBM. 
Summary and outstanding questions
The role of CDK4/6is in patients with advanced HER2+ BC is now emerging, and further clinical studies in patients with advanced HER2+ BC are eagerly anticipated. Given the ability of the CDK4/6is to cross the BBB and the significant clinical problem of brain metastases in patients with HER2+ BC, a major clinical question is whether CDK4/6is will provide utility in the prevention and treatment of HER2+ BCBM. Going forward, studies evaluating combination therapy with CDK4/6is and HER2-directed therapy (e.g. with T-DM1 and neratinib) could be considered. Further, a provocative question is whether the CDK4/6is can prevent the incidence of BCBM in high-risk patients. Taken together, the utility of the CDK4/6is is likely much broader than initially envisioned, and results from future and ongoing trials will clarify whether these agents will become part of the treatment armamentarium for patients with HER2+ advanced BC.
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